CIS

A RTTCUL E S

Published on Web 03/03/2009

Caged Progesterone: A New Tool for Studying Rapid
Nongenomic Actions of Progesterone

Funda Kilic,t Nachiket D. Kashikar,” Reinhard Schmidt,® Luis Alvarez,* Luru Dai,*
Ingo Weyand,# Burkhard Wiesner, Normann Goodwin,* Volker Hagen,*"r and
U. Benjamin Kaupp®
Leibniz-Institut fiir Molekulare Pharmakologie, Robert-Rossle-Strasse 10,

13125 Berlin, Germany, Institut fiir Neurowissenschaften and Biophysik 1, Forschungszentrum
Jiilich, Germany, and Abteilung fiir Molekulare Neurosensorik, Center of Advanced European

Studies and Research (caesar) Bonn, Germany, and Institut fiir Physikalische and Theoretische
Chemie, Johann-Wolfgang-Goethe-Universitdt, Frankfurt, Germany

Received November 3, 2008; E-mail: hagen@fmp-berlin.de

Abstract: Ketalization of the biomolecule progesterone with (6-bromo-7-hydroxycoumarin-4-yl)ethane-1,2-
diol gives the photolabile progesterone derivatives 3 and 4. These compounds display dramatically reduced
bioactivity and release progesterone upon irradiation with UV/vis or IR light. In particular, 4 can be used to
perform concentration-jump experiments with high temporal and spatial resolution that allows one to study
elegantly the mechanisms of rapid nongenomic cellular events evoked by progesterone. The usefulness
of 4 was demonstrated by measurement of changes in swimming behavior of single human sperm caused
by progesterone-induced Ca?" influx in the sperm flagellum.

Introduction

Besides its classical, slow mode of action, that is, the
activation of transcription, the steroid hormone progesterone
1 shows rapid, nongenomic effects that are probably gener-
ated at the cell membrane. Nongenomic progesterone re-
sponses have been identified in a variety of cells such as
sperm,' oocytes,” lens epithelial cells,® granulosa cells,* T
cells,” neurons,® erythrocytes, and platelets.” The nature of
the nongenomic progesterone receptors is uncertain,® and their
characterization is a matter both of interest and of great
importance.

The nongenomic actions of 1 are thought to occur on a time-
scale of seconds or even subseconds, and for studying signal
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transduction pathways of 1, the release of the biomolecule from
so-called caged compounds is advantageous. Caged compounds
are photolabile inactive derivatives of biological molecules.’
The active substance is rapidly released by a photochemical
reaction. Caged compounds allow the elucidation of complex
cellular processes, the study of behavioral responses, and their
resolution in time and space.

Here, we report the synthesis and photochemistry of the caged
progesterones 3 and 4 and their usefulness in studies of the rapid
progesterone-mediated response in human sperm. The effects
of 1 in human sperm are characterized by Ca’' influx or
mobilization of Ca®" from intracellular stores.'® Moreover, 1
has been shown to cause changes in the swimming behavior of
mammalian sperm.'' Caged compounds of 1 have not yet been
described, and, to our knowledge, this report is the first that
uses photoactivation of caged carbonyl compounds in a biologi-
cal system. Several photoremovable keto-protecting groups have
been described in the literature.'*'* We selected for caging of
1 the (6-bromo-7-hydroxycoumarin-4-yl)ethane-1,2-diol (Bhc-

(9) (a) Dynamic Studies in Biology; Goeldner, M., Givens, R., Eds.; Wiley-

VCH: Weinheim, 2005. (b) Mayer, G.; Heckel, A. Angew. Chem. 2006,
118, 5020-5042. (c) Mayer, G.; Heckel, A. Angew. Chem., Int. Ed.
2006, 45, 4900-4921.

(10) Publicover, S. J.; Harper, C. V.; Barratt, C. L. Nat. Cell Biol. 2007, 9,
235-42.

(11) (a) Uhler, M. L.; Leung, A.; Chan, S. Y.; Wang, C. Fertil. Steril.
1992, 58, 1191-1198. (b) Yang, J.; Serres, C.; Philibert, D.; Robel,
P.; Baulieu, E. E.; Jouannet, P. Proc. Natl. Acad. Sci. U.S.A. 1994,
91, 529-533. (c) Teves, M. E.; Barbano, F.; Guidobaldi, H. A.;
Sanchez, R.; Miska, W.; Giojalas, L. C. Fertil. Steril. 2006, 86, 745—
749. (d) Publicover, S. J.; Giojalas, L. C.; Teves, M. E.; de Oliveira,
G. S.; Garcia, A. A.; Barratt, C. L.; Harper, C. V. Front. Biosci. 2008,
13, 5623-5637.

(12) Lu, M.; Fedoryak, O. D.; Moister, B. R.; Dore, T. M. Org. Lett. 2003,
5,2119-2122.

J. AM. CHEM. SOC. 2009, 7137, 4027-4030 = 4027



ARTICLES Kilic et al.
Scheme 1. Synthesis of the Caged Progesterones 3 and 4 Scheme 2. Alternative Synthesis of 4
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ED) agent 2,'? which is based on the 6-bromo-7-hydroxycou-
marinylmethyl protecting group.'*

Results and Discussion

Synthesis and Photochemical Properties. In the first synthetic
route (Scheme 1), 1 was ketalized with 2 (0.5 equiv) by refluxing
in toluene in the presence of pyridinium p-toluenesulfonate
(PPTS) and MgSO,. The reaction resulted in a mixture of the
positional isomers 3 and 4; that is, 1 was derivatized at positions
3 and 20, respectively. The concomitant rearrangement of the
double bond to the C-5,6 position during ketal formation of 3
has been previously described'® and was here deduced, both
from the '*C NMR signals for C4, C5, and C6 and from the 'H
NMR chemical shift values for H-4 and H-6. Double ketalization
at the 3 and 20 positions was not observed. The mixture of the
isomers of 3 and 4 was purified by preparative reverse-phase
HPLC. The overall yield was about 30%, and the ratio of 3 to
4 was approximately 4:1. Separation of the positional isomers
was achieved by using flash chromatography. The yields were
17% for 3 and 3% for 4. Each of the caged progesterones 3
and 4 consists of four diastereomers (3a—d and 4a—d).
Separation of two pure diastereomers and a mixture of two
diastereomers of 3 and 4 was accomplished by an additional
reverse-phase HPLC run. The product ratio 3a,b:3¢:3d was 2:2:
1, and that of 4a,b:4c:4d was 6:1:3. The structures of 3 and 4
were confirmed by spectroscopic methods. The position of the
ketal formation was identified comparing IR, '"H NMR, and '3C
NMR data of the diastereomer mixtures 3a—d and 4a—d.
Characteristics for the assignment are the existence or nonexist-
ence of the IR stretching vibration band of the C3 C=0O group
at about 1645 cm™! (the C20 and the coumarin C=O bands
appear as overlapping signals), the high field 'H NMR chemical
shifts of H-2 and H-4 of the isomers of 3 to 0 = 0.90, 6 =
1.73, and 6 = 2.42 ppm or those of the hydrogen atoms at C21
and C17 of the isomers of 4 to 6 = 1.38 and 6 = 2.06 ppm by
ketal formation, and the appearance of *C NMR carbonyl
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carbon signals at 0 = 198.0 ppm (diastereomers of 3) or 6 =
208.5 and 211.7 ppm (diastereomers of 4), respectively. The
structure of 4 was additionally verified by independent synthesis
(see Scheme 2). All diastereomers of 4 displayed at 225 nm
more pronounced UV bands as compared to 3 (see Supporting
Information, Figure 1).

Because of the advantages of 4 as compared to 3 (see below),
we improved the preparation of 4 adapting chemistry analogous
to that described in ref 16. The synthesis is outlined in Scheme
2 and involves ketalization of the commercially available
pregnenolone 5 with 2 in the presence of PPTS and MgSO, to
give the ketal 6 (10% yield upon HPLC purification), followed
by Oppenauer oxidation of 6 to the desired caged progesterone
4 (30% yield upon HPLC purification). 6 and 4 consist of
mixtures of diastereomers. Separation of the diasteromers 4a—d
was achieved by RP-HPLC. The product ratio 4a,b:4c:4d was
almost identical to that found in the synthesis route described
in Scheme 1. (See Supporting Information for preparative
details.) The overall yield of the two-step procedure for 4 is
similar to that of the synthetic route described in Scheme 1,
but the product purification is easier.

The diastereomeric mixtures of 3 and 4 were investigated in
the dark for their resistance to spontaneous hydrolysis under
physiological conditions. No appreciable decomposition was
observed after 24 h in pH 7.2 HEPES buffer (HEPES = 2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid). The solu-
bility of 3 and 4 in HEPES buffer at pH 7.2 is low (about 8
uM), but sufficient for physiological studies.

At physiological pH, the Bhc substituent of caged progest-
erones 3 and 4 exists as phenolate. The ionized forms show
intensive So—S; absorption at 374 nm, which allows activation
of the caged compounds between 330 and 420 nm. Irradiation
of 3a—d and 4a—d with 365 nm light in acetonitrile/HEPES
buffer at pH 7.2 liberates progesterone and the phenolate form
of the diol 2. The extent of progesterone release as measured
by HPLC was about 30% for both caged compounds. However,
although the peaks of compounds 3 and 4 almost completely
disappeared, no other progesterone derivatives could be detected.
This observation is consistent with results obtained with other
Bhc-ED acetal/ketal derivatives.'

We assume that the photocleavage proceeds in analogy to
the conversion of coumarinylmethyl esters via an Sy1 mecha-
nism.'” As shown in Scheme 3 for compound 4, progesterone
formation should proceed via the zwitterion 7 as intermediate.'?
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Figure 1. Changes in Ca®" concentration in sperm detected by AFs;g of Fluo-4. (a) Progesterone-induced Ca*" signals upon stimulation of sperm at ¢ = 0;
15 nM (black), 50 nM (red), and 1.25 uM 1 (green); each trace represents the average of two or three recordings. The control (mixing sperm with HTF**
buffer) was subtracted from the progesterone-induced signals. (b) Signal evoked by the residual activity of 5 uM 4 (t = 0) and then by photolysis of 4 (r =
60 s); vertical line indicates flash artifact. (c) Light titration — Sperm were stimulated with 7.5 uM 4. 1 was released by flashes of UV light of different
intensities. Ca*" signals evoked by 25% flash (red), 50% flash (green), 100% flash (blue), two 50% flashes separated by 50 ms (cyan), and two 100% flashes
separated by 50 ms (pink). In a control experiment, photodamage due to UV light was tested by flashing only the Fluo-4 loaded sperm (black). t = 0
coincides with the time of flash, that is, after the Ca*" signal evoked by the residual activity of 4 had returned to the basal level. (d) Comparison of the
waveform of Ca?" signals induced by 1 and photolysis of 4: signal induced by 10 nM 1 (red) and by 100% flash (black); t = 0 denotes the time of flash and
the time of mixing, respectively. The signals are normalized and superimposed on each other.

Scheme 3. Photolysis of 4
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Time-resolved fluorescence measurements upon single-pulse
excitation (0.5 ns half-width, 337 nm) of 3 and 4 yield
fluorescence lifetimes 7 very similar to that of diol 2; see Table
1. This is not unexpected because (i) fluorescence is emitted
from the same Bhc-chromophore, and (ii) the additional

Table 1. Photophysical and Photochemical Properties of
Diastereomeric Mixtures of the Caged Progesterones 3 and 4 and
of the Diol 2 in Acetonitrile/HEPES-KCI Buffer (40:60), pH 7.2

e (M71 cm%) ¢chem

compound  Aas™* (NM) A (nm) b 7 (ns)

3 374 13 800 0.002 474 052 49
4 374 14 600 0.004 473 038 4.7
2 375 16 100 470 058 4.6

photocleavage of 3 and 4 occurs with only relatively small
quantum yields ¢cpem. The primary reaction to the intermediate
7 is still very fast. Inserting the ¢¢pem value and the fluorescence
quantum yields ¢ of 4 and 2 in the kinetic scheme developed
for the coumarinylmethyl esters'”'® yields a rate constant of
(1.2 £ 0.5) x 103 s7! for the heterolytic bond cleavage of 4.
However, we note that the experiments do not allow conclusions
regarding the rate of the secondary reaction, the release of
progesterone 1.

Table 1 lists photophysical and photochemical data of
compounds 2, 3, and 4. The size of the photochemical quantum
yields is small for the caged progesterones but acceptable for
application, because the high absorptivities ensure sufficient
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Figure 2. Changes in [Ca®']; and swimming behavior of single cells. (a) Fluorescence signal from the flagellum of a swimming cell. The sample was
irradiated at = 0 s. The fluorescence has been normalized. (b) Trajectory of the head before (green) and after (violet) the UV flash (red).

photosensitivity. The sensitivity of compound 4 is higher than
that of isomer 3. Fluorescence quantum yields, ¢, are relatively
high for caged compounds due to the large value of ¢ of 2 and
the small efficiency of chemical deactivation of singlet excited
3 and 4 by heterolytic bond cleavage. The Bhc-ED-caged
progesterones 3 and 4 are also sensitive to multiphoton
excitation; that is, UV absorption can be replaced by the
simultaneous absorption of infrared (IR) photons. IR light gives
significantly deeper tissue penetration than UV/vis light. Ex-
posure of 4 to femtosecond pulses of a mode-locked Ti:sapphire
laser at 755 nm caused significant release of 1. The diastereo-
mers of 4 decompose about 5.4 times less efficiently than does
(N-6-bromo-7-hydroxycoumarin-4-yl)methoxycarbonyl-L-glutam-
ic acid (Bhe-Glu)."*

Stimulation of Human Sperm. The suitability of the caged
compounds for the study of progesterone’s rapid nongenomic
action was tested with human sperm. Rapid mixing of sperm
and 1 in a stopped-flow apparatus resulted in a transient increase
of intracellular Ca®* concentration, measured with the Ca*"
indicator Fluo-4 (Figure 1). The amplitude of the Ca?>* signal
was graded with the concentration of 1 in the nanomolar range
(Figure la). Caged progesterone 4 (mixture of the diastereomers
4a—4d) itself was approximately 500-fold less efficient to evoke
a Ca®" influx as compared to 1. Stimulation of sperm with 5
uM 4 evoked a Ca*" signal similar to that evoked by ~10 nM
1 (Figure 1b). The low solubility of 4 prevented one from
recording a dose—response relation. The caged progesterone 3
was less suitable than 4. Its residual efficacy was higher and
the photosensitivity was lower (data not shown) as compared
to that of compound 4.

After recovery from the weak stimulation by 4, a flash of
UV light stimulated an additional Ca®* signal (Figure 1b) that
was proportional to light intensity (Figure 1c). The waveforms
of the Ca®* signals produced by 1 and by photolyzed 4 are
similar (Figure 1d). By comparing Ca*" signals evoked by light
and by 1, we estimated that ~0.2% of 4 became photolyzed.
The Ca®>" responses evoked by progesterone and by photolysis
of 4 occurred rapidly with almost no delay. This result strongly
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suggests that progesterone binds on the extracellular site of a
receptor that even may be a Ca?>*-permeable channel itself, or
any other protein involved in Ca*" transport.

Compound 4 was used to record the flash-induced Ca®*
increase in the flagellum of single freely moving sperm (Figure
2a). At higher Ca®" levels, the beating of the flagellum became
more vigorous. As a consequence, the lateral head movements
were larger and the curvature of the trajectory increased (Figure
2b). Thus, the motility of human sperm depends on the
intracellular Ca®" concentration. Whether these changes in
swimming behavior are involved in chemotaxis requires further
experiments.

Conclusions

We have developed for the first time caged progesterone
derivatives. Compound 4 is stable, exhibits sufficient photo-
sensitivity at long-wavelength irradiation, and allows rapid
progesterone concentration jumps upon one- and multiphoton
excitation under physiological conditions. The usefulness of 4
was demonstrated by measurement of progesterone-induced
Ca" influx in human sperm and changes in swimming behavior
of single sperm. The results show that caged progesterone opens
up new ways to study rapid nongenomic progesterone effects
in sperm and other cell types.
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